The aim of this study was to compare the results from a Cooper walk run test, a multistage shuttle run test, and a submaximal cycle test with the direct measurement of maximum oxygen uptake on a treadmill. Three predictive tests of maximum oxygen uptake-linear extrapolation of heart rate of VO2 collected from a submaximal cycle ergometer test (predictedL,) 
Aerobic power or maximum oxygen uptake (VO2.)' the maximum rate at which oxygen can be consumed, is a commonly used measure of cardiorespiratory (or aerobic) fitness. Direct measurement of V02 ffm is expensive both in terms of time and cost of precise gas analysis. Thus, various predictive tests have been devised to evaluate aerobic fitness. These indude performance related measures, for example walking or running for a given time,' performing a multistage progressive shuttle test (MST) with increases in speed every minute2 or the measurement of heart rate during given workloads and extrapolating to a predicted maximum heart rate to determine an estimate of V02ma The Cooper and MST can cater for large numbers of subjects simultaneously but have the disadvantage that they are maximal and thus create a potential health risk. In addition, these tests require a high degree of motivation to elicit a truly representative maximal effort. A submaximal test on a cycle ergometer does not rely on subject motivation but is time consuming.
The validity of the Cooper, MST, and linear extrapolation methods has been assessed separately but no study has compared all three tests within the same population. A limitation of some of the previous studies is that only the correlation between the predicted score and direct measurement has been given. Correlations do not provide the whole picture. At the time of writing this paper, the Physiology Section of the British Association of Sport and Exercise Sciences is compiling a guide for field testing. The results from this study can contribute to the current body of knowledge relating to field testing. A study which compared the Cooper, MST, and linear extrapolation methods in a wide ranging young male population would provide information on the applicability of these tests.
The present study was designed to compare three predictive tests commonly used in the Department of Physical Education and Sports Science at the University of Glasgow-Cooper walk/run test, multistage shuttle run test (MST), and linear extrapolation with the direct measurement of maximum oxygen uptake on a treadmill.
Methods
Subjects Twenty-two healthy males from the university community volunteered to participate in the study. All subjects gave informed consent and the study was approved by the local ethics committee. The subjects were involved in a variety of sports, mostly of an endurance nature, but at differing levels of ability and training status.
Design
The subjects performed four tests on three separate days. On day one subjects performed a submaximal cycle ergometer test followed 30 min later by a direct measurement on a treadmill. These tests were carried out first as they were laboratory based. Thus, it was possible to monitor the ECG of each subject before he underwent the other maximum tests. The Cooper test and the MST were carried out on separate days with the order of testing randomized. An interval of at least two days was allowed between test days.
Submaximal cycle ergometer test
This predicted,, protocol was a modification of the YMCAs of American protocols.4 The initial workload selected was based on the responses to the warm-up, body mass and training status of the athlete, to elicit a steady state heart rate around 100 beats min'. The other two workloads were selected to elicit steady state heart rates between 120-140 beats * min' and 150-170 beats * min-.
After a 3 min warm-up the test consisted of three continuous submaximal exercise bouts of 5 min duration on a Monark cycle ergometer (818 Monark Crescent, Varberg, Sweden). Cycling was performed at 60 revs per minute. Heart rates were measured during the fourth and fifth minute of each stage using a three lead ECG S & W Medical cardio aid (type CB600M) to measure heart rate. Expired air was collected in the final minute of each stage. Subjects were connected to a Douglas bag by a rubber mouthpiece, Hans Rudolph 2700 valve, and standard tubing. Gases were analysed using a PK Morgan CO2 analyser, type 801A, and a Taylor Servomex 02 analyser, type 570A. Volume was measured using a Parkinson Cowan volume meter.
All analysers were calibrated before each test with known gas concentrations.
To allow for comparison of various methods of extrapolation, VO2max was predicted using the linear extrapolation method as follows: (a) the measured submaximal V02 and heart rate were extrapolated to the measured maximum heart rate; (b) the measured submaximal VO2 and heart rate were extrapolated to the predicted maximum heart rate (220 minus age); and (c) the estimated VO25 and measured heart rate were extrapolated to the predicted maximum heart rate (220 minus age). A prediction of VO2maxfrom the distance covered at the end of the 12 min period was obtained using the table Treadmill VO max (ml kg -mind) Table 2 . Summary of the performance of each predicted value with the measured treadmill VO2 max (ml -kg-' -min-). (a) Heart rate extrapolated to measured maximum heart rate in treadmill test using measured submaximal steady state V02; (b) Heart rate extrapolated to predicted maximum heart rate (220 minus age) using measured submaximal steady state V02; (c) Heart rate extrapolated to predicted maximum heart rate (220 minus age) using estimated V02 for given workloads For each of the three tests a value of 60 ml kg-' -min' was assumed for that particular test and the corresponding treadmill value calculated from the appropriate regression (see Table 3 ).
Both MST The correlations between this study and the Cooper study are similar. However, correlations do not give the whole picture. A formal hypothesis test shows that there was no systematic bias for the Cooper test in this study. However, McCutcheon et al7 found that the Cooper test gave a systematic underestimation of 4 ml-kg-"' minm' in their male and female subjects (mean age of 25 years).
Some of the subjects ran over two miles. For these subjects it was assumed that the Cooper regression equation applied. This assumption was considered to be acceptable, as the basis of the Cooper test is that the average running speed is dependent on oxygen uptake. Lambert'4 (0.91). However, the systematic underestim-ation of VO2m, of 4.5 ml kg-' min' has not previously been reported.
There are several possible reasons for the results in this study. During the MST it was observed that some subjects turned more economically than others. This factor was particularly noticeable at higher speeds when turning technique is important. Anaerobic power may have a role to play in MST scores. After turning at the end of each shuttle the subject must accelerate to obtain the desired speed.
The 'drive' phase during each acceleration increases the likelihood of an anaerobic contribution to energy expenditure and as the speed increases the more this anaerobic component will be needed. Furthermore, during the latter stages of the MST the anaerobic metabolism component will be increased as the individual's aerobic system becomes fully taxed. Thus, an individual with a low anaerobic power may underperform in the MST relative to his aerobic power. There are three assumptions in a linear extrapolation prediction: (a) similar maximum heart rates for all subjects of the same age; (b) the heart rate/oxygen consumption relationship is linear; and (c) the mechanical efficiency of all subjects is the same.
The heart rates from the three submaximal points were extrapolated to the measured maximum heart rate in the treadmill test. There was no significant difference on average between the measured maximum heart rate and predicted maximum heart rate (220 minus age). Thus it is not surprising that extrapolation to the age predicted heart rate (220 minus age) does not make any meaningful difference to the prediction (a correlation of 0. 76 based on the measured maximum heart rate against 0.74 based on predicted maximum heart rate and the bias remains similar).
Individual subject correlations between heart rate and Vo2 on the three submaximal workloads were calculated and had a median value of 0.99, with a range of 0.91-1.00. When such correlations were calculated on the bias of the three submaximal and the maximum values, the median correlation was again 0.99, with a range of 0.93-1.00, and indicated a very strong linear relationship across all workloads for heart rate of V02.
There was no evidence of any significant difference between the predicted and measured VO2 at the three submaximal workloads. There was a strong indication, particularly at the first and second workloads, of a wide range in oxygen cost.
Further, the correlations based on the measured and predicted submaximal Va2 respectively with the direct measurement of V02 O were very similar (0.74 and 0.76 respectively). Overall, therefore, there was no indication that the measurement of submaximal VO2, or indeed maximum heart rate, made any significant contribution to VO2. prediction.
The underprediction found in this study has been recorded by other researchers who have estimated V02max from an extrapolation to maximum heart rate using measured VO2 and heart rate.'5'7 Zwiren et a08 and Louhevaara et a!'9 both reported an overestimate using heart rate/workload points from two and three submaximal loads respectively to predicted maximum heart rates.
It is plausible that the reason for the low predictive capacity of the predictedLE method can be partly explained by the fact that a running VO' , is known to be higher than a VO2, measurement using cycling (except if cyclists are used). A cycling VO2ma is around 10% lower than a running VO2. 212 Thus, it would be expected that the treadmill VOa, value of 60 ml -kg-'l min' would be around 54 ml -kg-' * min' on a cycle. This value of 54 ml -kg-' * min' is close to the predicted, value of 52.0 ml kg-' -min'. It should be pointed out that other studies have reported an underprediction of VO2, using a cycle test for prediction and direct measurement of VO2 
